To examine whether helix formation necessarily precedes chain collision, we have measured the folding of a fully helical coiled coil that has been specially engineered to have negligible intrinsic helical propensity but high overall stability. The folding rate approaches the diffusion-limited value and is much faster than possible if folding is contingent on precollision helix formation. Therefore, the collision of two unstructured chains is the initial step of the dominant kinetic pathway, whereas helicity exerts its influence only at a later step. Folding from an unstructured encounter complex may be efficient and robust, which has implications for any biological process that couples folding to binding.
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transition state ͉ helix formation ͉ diffusion ͉ binding ͉ natively unfolded O ne of the most debated issues in protein folding concerns the earliest folding events leading up to the transition state (1) (2) (3) (4) (5) (6) (7) (8) (9) . For helical proteins, the earliest productive folding steps often are postulated to involve the collision of two preformed, but not necessarily stable, helical elements, rather than collision of unstructured chains. This diffusion-collision model (D-C model) (10) (11) (12) is supported by the observation that helix formation is faster than overall folding rates (13) (14) (15) . This broadly accepted view also is supported by the presence of helix in the folding transition state and an increase in k f with an increase in helical propensity (2, 4, (16) (17) (18) (19) (20) (21) .
However, this correlation can support an opposing model in which unstructured chains first collide, and the enhanced helicity increases the success frequency (or transmission coefficient) of each encounter (Fig. 1) . In general, the highly cooperative (two-state) folding behavior of most small proteins precludes identifying the order of events leading up to the kinetic barrier. As a result, the demonstration of helical structure in the transition state cannot by itself resolve whether helix formation or chain collision occurs first.
This obstacle can be overcome by studying a system with minimal helical propensity and composed of more than one chain, so that the rate of collision can be varied (22) . These properties enable comparisons between observed folding rates and the maximum rate consistent with a model where precollision helix formation is required. Our investigation uses this strategy in conjunction with a dimeric coiled coil protein specially engineered to have negligible intrinsic helicity but high stability. This protein folds at nearly the diffusion limit and certainly at a much faster rate than would be possible if the helix must form before collision. Thus, an unstructured encounter complex can successfully initiate rapid folding, with helix formation occurring at a later step. The collision-first route sets a high basal level for the folding rate of any protein.
Materials and Methods
Peptides. GCN4-E 9 G 4 was prepared and characterized as described in ref. 2.
Equilibrium Measurements. CD measurements were made by using a Jasco 715 spectropolarimeter (Jasco, Easton, MD), in equilibrium mode with a path length of 1 cm. All experiments were carried out in 20 mM sodium phosphate͞200 mM sodium chloride, except the pH dependence of kinetics study was determined in 20 mM sodium citrate͞200 mM sodium chloride.
Stopped-Flow Spectroscopy. Rapid mixing fluorescence experiments used a SFM-400 stopped-f low apparatus (Biologic, Grenoble, France) connected by a fiber optic cable to an A101 arc lamp (PTI, South Brunswick, NJ). Fluorescence spectroscopy used excitation and emission wavelengths of 280-290 nm and 300-400 nm, respectively. CD relaxation measurements were conducted at 2-nm resolution with a path length of 0.8 mm by using a Biologic SFM-4 interfaced with a CD spectropolarimeter. 
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where pKaN and pKaU are the pK a values of the glutamic acid side chains in the native and unfolded states, respectively; n is the number of protons bound during folding; nF and nU are the number of protons bound before and after the transition state. The value for pKaU is fixed at the intrinsic pK a for glutamic acid (4.4), and pKaN determined by the equilibrium fit is used as a fixed-input parameter in the fit to the kinetic data.
Results and Discussion
Design of a Stable Coiled Coil with Negligible Intrinsic Helicity.
Dimeric coiled coils are an ideal system to test the D-C model because they are composed of only two docked helices. The coiled coil presently investigated is derived from GCN4-p1, the leucine zipper region of yeast transcription factor GCN4 (Fig.  2a) . We have engineered a 30-residue version, GCN4-E 9 G 4 , which has near-zero intrinsic helicity but wild-type stability (⌬G°ϭ 10 kcal⅐mol Ϫ1 ). To reduce helicity, four glycines are substituted at solvent-exposed positions (eight total in the dimer). As a result, the isolated chains are devoid of helical content under aqueous conditions (Fig. 2b Inset). Helix-coil calculations (24, 25 ) predict a maximum helicity of only 2.7% at any single position, and Ͻ1% averaged across the isolated chain at 35°C (Fig. 2c) .
To offset the stability lost because of low helical propensity, nine glutamic acids are introduced in each chain at positions next to the hydrophobic interface (26) . Below pH 4, the carboxylic side chains protonate and form stabilizing tertiary interactions across the dimer interface, ''glutamic staples,'' by either hydrogen bonds or hydrophobic interactions. The protein, which is unfolded at neutral pH, folds to a stable, fully helical structure upon acidification (Fig. 2b) . The midpoint of the equilibrium pH titration is 4.5, very near the intrinsic pK a of the glutamic acid side chains.
Two-State Folding Kinetics.
The folding kinetics of GCN4-E 9 G 4 are well described by a 2 (monomer) 7 dimer bimolecular reaction (Fig. 3) . The observed folding rate is proportional to protein concentration, k obs ϭ k f ⅐[protein] (Fig. 5 , which is published as supporting information on the PNAS web site), whereas the unfolding process is first-order and independent of protein concentration. The second-order folding rate constant is temperaturedependent, increasing from k f ϭ 1 ϫ 10
at 35°C (Fig. 3 a and b) . Rates are independent of whether folding is initiated by a decrease in pH or the dilution of denaturant. Additionally, the same rate constant is observed by a global probe sensitive to helical content (CD at 222 nm) or a local probe (total fluorescence of the sole tryptophan), consistent with the two-state nature of the reaction (Fig. 3a) .
The highly cooperative, two-state folding behavior is confirmed through a ''chevron analysis'' with a linear dependence of the equilibrium and activation free energies for folding (f) and unfolding (u) on guanidinium chloride concentration (27) (Fig. 3c) .
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When folding is effectively two-state, the equilibrium values for the change in free energy and surface burial can be calculated from kinetic measurements according to Ϫ⌬G°H 2 O ϭ ⌬G u ‡ Ϫ ⌬G f ‡ and m°ϭ m u Ϫ m f . The equivalence of thermodynamically and kinetically determined values for ⌬G°H 2 O and m o demonstrates the applicability of a two-state model for GCN4-E 9 G 4 folding. In particular, the folding arm of the chevron remains linear under all conditions. This linearity indicates that no surface is buried immediately upon transfer from high to low denaturant.
In addition, no helical structure is formed in a submillisecond ''burst-phase'' at temperatures as low as 3°C (Fig. 3a and Fig. 6 , which is published as supporting information on the PNAS web site), and the predicted helicity at pH 2.5 is equivalent to that at pH 5.5, where the chain is seen to be devoid of helical structure (Fig. 2b) . Also, the glutamic acids are too far apart to interact with each other in a helical geometry within individual monomers. Thus, multiple experimental measures all indicate that helical structure does not form to an appreciable degree before the major folding event.
Folding Is Faster than Predicted by the D-C Model. In the D-C model, the folding rate equals the product of three quantities,
, where k 2, P helix 2 , and are the second-order Smolukowski-derived bimolecular collision rate, the probability that both chains have a helix formed at the moment of collision, and the success frequency for each collision, respectively (3, 10) . The D-C model predicts a maximal folding rate that is only 1͞25 of the observed value at 35°C. With a collision rate of k 2 ϭ 2.8 ϫ 10
and a 2.4% probability for the formation of a single turn of helix, the predicted folding rate constant is k f ϭ 1.6 ϫ 10 6 M Ϫ1 ⅐s
Ϫ1
. This calculated rate is an upper bound, because every collision is assumed to be productive ( ϭ 1). The discrepancy increases to k observed ͞k predicted Ͼ 100, if either the success frequency includes the probability that the two hydrophobic faces collide in the correct orientation, or the amount of precollision helical structure is increased to two turns, the minimum we envision as necessary for a chain to be considered helical.
The D-C model considers the collision of two preformed helices to be rate-limiting and common throughout the ensemble of conformations comprising the folding transition state. Kinetic Fig. 1 . Acceleration of folding rates through helix stabilization does not identify whether helix formation comes before or after collision. The wild-type protein's free energy surface (black line) is shifted up (gray line) upon helix destabilization, ⌬G helix. For both scenarios, this destabilization slows folding identically through an increase in activation energy, ⌬⌬G f ‡ ϭ ⌬Ghelix. In the D-C model, the slower folding rate is due to a reduction in the probability of helix formation before collision. The same rate reduction, ⌬G helix, is observed when helix forms after collision, because access to the transition state (TS) is thermodynamically less favorable. Hence, slower folding alone cannot distinguish the order of events leading up to the transition state. However, the use of a dimeric system with negligible intrinsic helicity, along with an analysis of folding rates, can distinguish the two models when folding is extremely fast, as for GCN4-E 9G4.
amide isotope measurements described below indicate that 49 Ϯ 2% of the helical content is formed in the transition state. If this amount of helical structure must be present at the moment of collision, the observed rate is 400-fold faster than can be accommodated by the D-C model, even assuming ϭ 1. Each chain has a net charge of ϩ2 and no negatively charged residues. Thus, electrostatic considerations, which can enhance bimolecular rates for oppositely charged molecules [''electrostatic guidance'' (28)], would only further reduce the collision rate for GCN4-E 9 G 4 . Thus, the upper bound for the D-C model is at least an order of magnitude slower than the observed folding rate, and more reasonable estimates produce a much more drastic discrepancy.
The D-C model also predicts the wrong temperature dependence for folding rates (Fig. 3b) . A reduction in temperature from 35°C to 5°C increases the helical content in isolated chains by 2-fold or a 4-fold increase in P helix 2 . At the same time, the second-order collision frequency, k 2 , is halved because of a 2-fold increase in solvent viscosity. These opposing effects combine to produce a net 2-fold increase in k f for the 30°C reduction in temperature. In fact, a 4-fold decrease is observed. Hence, folding cannot be contingent on preformed helical structure, unless the success frequency decreases by nearly an order of magnitude over the same temperature range.
Finally, the folding rate of GCN4-E 9 G 4 is about 4-fold faster than that of the wild-type sequence, despite having no more than one-tenth the intrinsic helicity across any given 4-to 10-residue stretch. Thus, the D-C model predicts, based on the decreased helicity and assuming a similar success frequency, that folding of the wild-type sequence should be 100-to 10,000-fold faster than GCN4-E 9 G 4 . This inconsistency, in conjunction with folding being too fast to be contingent on precollision helical structure, and its temperature dependence being antithetical to that predicted by the D-C model, leads us to conclude that the initial step of the dominant kinetic pathway is the collision of two unstructured chains.
GCN4-E9G4 Folding Pathway.
Properties of the transition state point to a folding pathway that proceeds through a proportional buildup of secondary and tertiary structures. The denaturant dependence of k f indicates that 61 Ϯ 6% of the total surface area is buried in the folding transition state (m f ͞m o ) (Fig. 3b) . Likewise, the pH dependence of folding rates indicates that on average 46 Ϯ 11% of the ''glutamic staples'' are formed in the transition-state ensemble (Fig. 7 , which is published as supporting information on the PNAS web site).
Backbone kinetic isotope effects provide a powerful method to directly monitor the helical hydrogen bond content in the transition state (20, 21, 29) . When conducted under the same bulk solvent conditions, the change in folding activation free energy upon backbone deuteration relative to the change in equilibrium stability,
, is proportional to the fraction of hydrogen bonds formed in the transition state. These quantities are obtained from the chevron plots for the protonated and deuterated coiled coil, conducted in a uniform 14.3% D 2 O solvent condition (Fig. 3c) . Accordingly, we find that 49 Ϯ 2% of helical hydrogen bonds are formed in the transition state.
The similarity in the degree of surface burial and the fraction of staples and hydrogen bonds formed in the transition state produces the following picture for the folding pathway of GCN4-E 9 G 4 (Fig.  4) . Chain collision results in hydrophobic contacts that partially desolvate the polypeptide backbone. Exclusion of water molecules induces hydrogen bond formation and small helical regions develop at points of contact. These helical elements are then stabilized in the native register by tertiary interactions, both from hydrophobic residues at the interface and the glutamic staples. This process continues incrementally up to the transition state.
The Role of Helicity in Folding. The incompatibility of GCN4-E 9 G 4 with the D-C model may lead to the speculation that its folding Design properties of stable coiled coil with negligible intrinsic helicity. (a) Coiled coils consist of heptad repeats (abcdefg) n. Hydrophobic residues are located at the interfacial positions a and d. Charged residues are often located at the e and g positions and form ionic interactions that bridge the two helices. The b, c, and f positions are the most solvent-exposed. The parent GCN4-p1 sequence was altered to include four glycines in positions b, c, or f, and nine glutamic acids in e or g positions, which form tertiary interactions to recoup the stability lost due to the insertion of the heliophobic glycines. Possible intermolecular hydrogen bonds between glutamic acid side chains are illustrated for one face of the molecule. An equivalent number on the opposite side are left out for clarity. (b) Secondary structure content of native (pH 3.2) and denatured (pH 5.3) GCN4-E 9G4 are characteristic of a fully folded and a fully unfolded helical protein, respectively. (Inset) The midpoint of the pH titration is near the intrinsic pK a of glutamic acid side chains (4.4), and the steepness indicates that folding is driven by the protonation of 7 Ϯ 1 glutamic acids. (c) Intrinsic helix propensity for isolated monomers of GCN4-E 9G4, independent of tertiary interactions at 35°C (24, 25) . The absence of helical structure in the monomer above pH 5.3 (blue line) is accurately reproduced by helix-coil calculations and insensitive to decreased pH. The glutamic acid side chains are too far apart to interact with each other in a helical geometry on the monomers. For GCN4-E 9G4 (red line), the maximum probability for one, two, and just under four turns (the amount actually present at the transition state) is 2.4%, 0.8%, and 0.6%, respectively. For these amounts of precollisional helix formation, the D-C model predicts maximum folding rate constants of 1.6 ϫ 10 6 , 1.8 ϫ 10 5 , and 1.0 ϫ 10 5 M Ϫ1 ⅐s Ϫ1 respectively, which the observed rate exceeds by 25-to 400-fold.
behavior is somehow unique. However, its folding properties are very similar to that of its parent (2) and most similarly sized proteins. At the transition state, the degree of surface burial is typical, both in relative and absolute terms, while the same oneto-one correspondence between surface burial and hydrogen bond formation is found for a dozen other proteins (20, 21) . Thus, all the observed properties of the folding transition state of the designed coiled coil are typical of globular proteins. Calculations based on the D-C model employing a variety of input parameters, have predicted folding rates for a variety of small helical proteins (3, (30) (31) (32) . This rate agreement is compatible with the present data as the agreement is for other proteins, and it does not provide proof of mechanism (2) .
The collision-first route may be likened to a rudimentary mechanism that sets a basal level for the folding rate of any protein.
Unexpectedly, the folding of our construct with low helical content demonstrates that this option can be very fast. It may be considered that the speed is due in part to the glutamic acids. Mutational studies of the GCN4-p1Ј parent, however, have shown that folding can begin from the least helical region, contrary to the expectation of the D-C model (2) , and the parent lacks these staples and even has regions of high helical propensity. Nevertheless, some proteins with very high helical propensity are likely to have regions structured at the moment of collision and could obey the D-C model (9) . In general, which of the two limiting folding scenarios dominates may vary for proteins with limited amounts of residual structure.
The rapid folding of our construct indicates that an unstruc- (27) ]. Similarly, the change in folding activation free energy upon backbone deuteration relative to the change in equilibrium stability, ⌬⌬G f ‡ D-to-H ͞⌬⌬G eq D-to-H (2), indicates that 49 Ϯ 2% of helical hydrogen bonds are formed in the transition state. RT, R is the gas constant and T is the temperature. Intrachain hydrogen bonds form in response to the loss of solvent hydrogenbond partners, forming isolated helices at the point of contact. Tertiary contacts stabilize these helices, bring them into alignment, and further desolvate the backbone, thereby promoting the extension of helical structure incrementally up to the half-helical transition state, from which folding is energetically downhill to the native structure.
tured encounter complex can still be very productive, as recently proposed (33) . In GCN4-E 9 G 4 , the even distribution of glutamic staples and other tertiary interactions further ensures the productivity of multiple folding routes. This mechanism may apply to a growing number of ''natively unfolded'' proteins (34), whose folding is coupled to binding (35) . What, then, is the required role of helicity along the pathway? Many experiments have demonstrated that enhancing intrinsic helicity accelerates folding (2, 4, (16) (17) (18) (19) (20) (21) . Such strengthening stabilizes all conformations containing helix, including the transition state (Fig. 1) . Furthermore, kinetic isotope measurements indicate that hydrogen bond formation is intimately linked with surface burial at the transition state (20, 21) . Thus, secondary structure is critical for the transition state to be thermodynamically accessible, although the amount of secondary structure present before collision may be minimal, as found for GCN4-E 9 G 4 .
